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Background: Microarray technology is increasingly being applied in biological and medical
research to address a wide range of problems, such as the classification of tumors. An important
statistical problem associated with tumor classification is the identification of new tumor classes
using gene-expression profiles. Two essential aspects of this clustering problem are: to estimate
the number of clusters, if any, in a dataset; and to allocate tumor samples to these clusters, and
assess the confidence of cluster assignments for individual samples. Here we address the first of
these problems.
Results: We have developed a new prediction-based resampling method, Clest, to estimate the
number of clusters in a dataset. The performance of the new and existing methods were
compared using simulated data and gene-expression data from four recently published cancer
microarray studies. Clest was generally found to be more accurate and robust than the six
existing methods considered in the study.
Conclusions: Focusing on prediction accuracy in conjunction with resampling produces accurate
and robust estimates of the number of clusters. 
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Partitioning around medoids  
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Existing methods for estimating the number of
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Table 1
Contingency table for two partitions of n objects
v1 v 2  vC
u1 n11 n12  n1C n1.
u2 n21 n22  n2C n2.
uR nR1 nR2  nRC nR.
n.1 n.2  n.C n. . = n
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Clest, a prediction-based resampling method for
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Clest procedure for estimating the number of clusters
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Reference null distribution 















Threshold parameters, pmax and dmin
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Maximum number of clusters M = 10 for microarray data 
M = 5 for simulated data 
Number of learning/test set B = 20
iterations 
Number of reference datasets B0 = 20
Size of learning sets Lb 2n/3
Clustering procedure PAM
Classifier Linear discriminant analysis with 
diagonal covariance matrix - DLDA 
Reference null distribution Uniformity hypothesis 
External index Fowlkes and Mallows [27] external 
index, FM
Maximum p-value pmax = 0.05 
Minimum difference statistic dmin = 0.05 






Comparison of procedures on simulated data 
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Estimating the number of clusters; results for simulated data. For each of the eight simulation models, the bar plots represent the percentage of
simulations for which the number of clusters was correctly estimated by each method (out of 50 simulations).







































Model 1, K = 1









Model 2, K = 3









Model 3, K = 4









Model 4, K = 4









Model 5, K = 2









Model 6, K = 2









Model 7, K = 2
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Table 3
Estimating the number of clusters in simulated data 
Method Number of clusters, K^
Model 1
1* 2 3 4 5 >5
Clest 48 2 0 0 0 0
gap 48 0 1 1 0 0
gapPC 50 0 0 0 0 0
sil - 37 6 4 3 0
ch - 42 7 1 0 0
kl - 12 14 11 13 0
hart 0 5 22 16 7 0
Model 2
1 2 3* 4 5 >5
Clest 0 1 49 0 0 0
gap 0 0 50 0 0 0
gapPC 0 0 50 0 0 0
sil - 5 45 0 0 0
ch - 0 50 0 0 0
kl - 0 41 2 7 0
hart 0 0 0 2 2 46
Model 3
1 2 3 4* 5 >5
Clest 0 1 20 29 0 0
gap 0 1 16 33 0 0
gapPC 0 1 12 37 0 0
sil - 17 24 9 0 0
ch - 8 20 22 0 0
kl - 3 11 35 1 0
hart 0 0 8 42 0 0
Model 4
1 2 3 4* 5 >5
Clest 0 0 1 49 0 0
gap 0 0 0 50 0 0
gapPC 0 0 1 49 0 0
sil - 5 8 37 0 0
ch - 5 7 38 0 0
kl - 0 1 49 0 0
hart 0 0 0 50 0 0
Model 5
1 2* 3 4 5 >5
Clest 0 44 0 6 0 0
gap 0 0 0 19 31 0
gapPC 0 50 0 0 0 0
sil - 50 0 0 0 0
ch - 3 0 47 0 0
kl - 50 0 0 0 0
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Method Number of clusters, K^
Model 6
1 2* 3 4 5 >5
Clest 0 43 7 0 0 0
gap 47 3 0 0 0 0
gapPC 43 5 1 1 0 0
sil - 41 5 4 0 0
ch - 43 5 2 0 0
kl - 16 9 17 8 0
hart 0 1 0 5 14 30
Model 7
1 2* 3 4 5 >5
Clest 26 15 6 3 0 0
gap 25 22 2 1 0 0
gapPC 31 17 2 0 0 0
sil - 42 6 1 1 0
ch - 39 10 0 1 0
kl - 13 15 10 12 0
hart 6 39 5 0 0 0
Model 8
1 2* 3 4 5 >5
Clest 0 16 34 0 0 0
gap 0 22 28 0 0 0
gapPC 0 28 21 1 0 0
sil - 50 0 0 0 0
ch - 50 0 0 0 0
kl - 25 17 4 4 0
hart 0 3 43 4 0 0
For each simulation model, the distribution of the estimated number of clusters is recorded for each method. The true number of clusters is denoted by
the asterisk and the modes for the distribution of the 50 estimates are indicated in bold for each method. Note that sil, ch, and kl do not have the ability
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Figure 2 
Estimating the number of clusters using the Clest procedure; results for simulated data. Plots are of median dk versus k for each simulation model
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Estimating the number of clusters using the gapPC procedure; results for simulated data. Plots are of median gapPCk versus k for each simulation model
(medians are computed over 50 simulations). The true number of clusters is indicated by a filled plotting symbol.
















Model 1, K = 1
Number of clusters (k)








Model 2, K= 3
Number of clusters (k)








Model 3, K = 4
Number of clusters (k)








Model 4, K = 4
















Model 5, K = 2
Number of clusters (k)








Model 6, K = 2
Number of clusters (k)








Model 7, K = 2
Number of clusters (k)

































      H1I 
7
10=    






























































12 Genome Biology Vol 3 No 7 	
G46
Figure 4
Estimating the number of clusters using the sil procedure; results for simulated data. Plots are of median –silk versus k for each simulation model (medians
are computed over 50 simulations). The true number of clusters is indicated by a filled plotting symbol.
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Description of microarray datasets
Dataset Number of Class sizes Number of 
classes genes
Lymphoma* [1]  K = 3  B-CLL (29) p = 4,682
(cDNA microarrays) classes FL (9) 
DLBCL (43) 
Leukemia  [3] K = 3  ALL B-cell (38) p = 3,571
(Affymetrix chips) classes ALL T-cell (9) 
AML (25) 
NCI 60† [6]   K = 8  Breast (7), CNS (6), p = 5,244
(cDNA microarrays) classes colon (7), leukemia (6), 
melanoma (8), 
NSCLC (9), ovarian (6), 
renal (8)
Melanoma‡ [30]  K = 2  Group A (19) 
(cDNA microarrays) classes Group B (12) p = 3,613
*The DLBCL class for the lymphoma dataset is likely to contain two
subclasses.†For the NCI60 data, the two prostate cell lines and the
unknown cell line (ADR-RES) were excluded from our analysis because of
their small class size. ‡Note that for the first three datasets, tumor classes
were known a priori, whereas for the melanoma dataset the two classes
were inferred by Bittner et al. [30] by cluster analysis but not confirmed
on an independent dataset. 
Table 5
Estimating the number of clusters from microarray data
Dataset Known Clest gap gapPC sil ch kl hart
Lymphoma 3 3 10 8 3 2 4 4
Leukemia 3 3 10 5 3 2 3 3
NCI60 8 3 10 8 3 2 6 2 
Melanoma 2 2 9 4 2 2 8 1
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Figure 5
Estimating the number of clusters; results for microarray data. Plots of dk, gapPCk, and 
–silk versus k, with error bars computed as described in Results. The
horizontal lines for the dk plots correspond to a dmin cut-off of 0.05. The estimates for the number of clusters are indicated by filled plotting symbols.
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Gene variances for microarray datasets. Plots of the variance of the expression levels of each gene across mRNA samples. The variances are scaled by
the maximum variance over all genes and the genes are ordered by variance in descending order. The vertical lines correspond to 50, 100, 200 and 500
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Figure 7
Correlation matrix, lymphoma dataset. Images of the correlation matrix for the 81 B-CLL, FL, and DLBCL samples based on expression profiles for
(a) all p = 4,682 genes and (b) the p = 100 genes with the largest variance. The mRNA samples are ordered by class, first B-CLL (blue), then FL (orange),
and finally DLBCL (magenta). Correlations of zero are represented in black, increasingly positive correlations are represented with reds of increasing
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Figure 8
Correlation matrix, leukemia dataset. Images of the correlation matrix for the 72 ALL B-cell, ALL T-cell, and AML samples based on expression profiles
for (a) all p = 3,571 genes and (b) the p = 100 genes with the largest variance. The mRNA samples are ordered by class, first ALL B-cell (blue), then ALL





































































































































































































































































































































































































































































Correlation matrix, NCI60 dataset. Images of the correlation matrix for the 61 cell line mRNA samples based on expression profiles for (a) all p = 5,244
genes and (b) the p = 200 genes with the largest variance. The mRNA samples are ordered by class: 7 + 2 breast, 6 CNS, 7 colon, 6 + 2 leukemia, 
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Figure 10
Correlation matrix, melanoma dataset. Images of the correlation matrix for the 31 melanoma mRNA samples based on expression profiles for (a) all 
p = 3,613 genes and (b) the p = 100 genes with the largest variance. The mRNA samples are ordered by class, as proposed in [30], first group B (blue),
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